The fission yeast Schizosaccharomyces pombe, grown in the presence of aculeacin A (Acu), an antifungal antibiotic, forms spherical rather than cylindrical walls. This aberrant morphogenesis was studied in the presence of Acu at 1 pg ml-l under conditions in which over 90% of the cells continued to grow but with altered morphology. Microscopic observations and chemical analyses revealed that the spherical walls had a looser structure than the cylindrical wall and that their syntheses of alkali-insoluble glucan and mannan were reduced whereas the synthesis of alkali-soluble glucan was enhanced. Spherical walls of glutaraldehyde-fixed cells were hardly digested by Zymolyase 60000 [a (1+3)-P-glucanase] but were digested by Novozym 234 [a (1+3)-a-glucanase]. From these results the components and morphology of the spherical walls are discussed in comparison with the cylindrical walls.
INTRODUCTION
Although the mechanism of biosynthesis of yeast cell wall polymers is quite well understood (Neeas & Svoboda, 1980; Cabib & Roberts, 1982) , practically nothing is known as to how the molecular architecture of individual polysaccharides is related to cell shape. The morphology of the yeast wall may depend on certain mutual interactions of its component polysaccharides. The use of suitable selective inhibitors of polysaccharide synthesis is one approach to the study of cell wall synthesis and its control mechanisms. Alterations in wall composition due to the action of these inhibitors are often accompanied by changes in the morphology of the cell (BartnickiGarcia & McMurrough, 1971) . Aculeacin A (Acu) is an antifungal antibiotic produced by Aspergillus aculeatus, discovered in the research laboratories of Toyo Jozo Co., Japan, which inhibits the P-glucan synthesis of yeast cell walls (Mizoguchi et al., 1977; Yamaguchi et al., 1982) , resulting in the lysis of cells. Earlier studies (Miyata et al., 1980) showed that Acu caused lysis of the growing fission yeast Schizosaccharomycespombe at the end of the cell and in the cellplate region, the regions of active wall synthesis, and that Acu-resistant cells survived and exhibited morphological alterations of spherical growth at one or both ends of the cell as 'roundbottomed flask' (RBF) or dumb-bell shapes.
The present study is concerned with the nature of the morphological changes resulting from Acu treatment of the fission yeast S. pombe. The differences in cell wall constituents and fine structure between spherical and cylindrical walls of S. pombe were investigated.
at 30 "C for 90 min. After treatment with Novozym 234, in order to avoid the destruction and swelling of the cytoplasmic structure, the postfixative KMnO, contained 0.6 M-KCl and the final washing solution was 0.6 M-KCI.
Shadowed preparations were done as follows: a suspension of walls in water was sprayed and dried on carboncoated copper grids (200 mesh) which were shadowed at an angle of 25" with platinum-palladium.
Carbohydrate analysis. Cell wall polysaccharides were fractionated by a modification of the method of Northcote & Horne (1952) . The whole cells were digested with 0.8 M-NaOH at 100 "C for 1 h. The precipitate obtained by centrifugation was washed twice with the same alkaline solution and once with distilled water. The combined supernatants were used as the 'alkali-soluble fraction'. The precipitate was further extracted twice with 0.5 M-acetic acid at 90 "C for 3 h and at room temperature for 18 h. The precipitate obtained was used as the 'alkali-insoluble fraction'.
Total carbohydrate was determined by the anthrone method described by Herbert et al. (1971) . The glucan and mannan contents were determined by using a modification of the H2S0,/carbazole differential extinction method ' described by McMurrough & Rose (1967) .
The monosaccharide composition was determined by gas-liquid chromatography after conversion of acid hydrolysates into the corresponding alditol acetates (Slonecker, 1972) . These were then analysed on a Shimazu gas chromatograph GC-4CM through a glass column (0.3 x 150 cm) packed with 3% ECNSS-M Gaschrome Q (100 to 120 mesh) at 175 "C at a flow rate of 50 ml N2 min-I.
Chemicals. Glutaraldehyde, uranyl acetate and Spurr resin were purchased from Nisshin KK (Tokyo, Japan), Merck and Polysciences Inc., (Warrington, USA), respectively. All other chemicals used were of analytical grade from commercial sources.
RESULTS
Acu-resistant survivors of S. pombe strain I F 0 0365 exhibited morphological alterations of either a 'round-bottomed flask' (RBF) or dumb-bell shape (Miyata et al., 1980) . Preliminary experiments established how these survivors might be used for 'studies on cellular morphogenesis. 
Time (h)
In order to characterize the changes induced by Acu morphologically and biochemically, we used the 'cell elongation system' (Miyata & Miyata, 1978; Miyata et al., 1980) in which growth in cell length continued exponentially after the arrest of cell division. By using this system, the experimental conditions in which nearly 100% of the organisms did not lyse but grew spherically in the presence of Acu were examined. The conditions established were as follows: 16 h-grown cells were transferred into fresh medium containing 16 mM-hydroxyurea at a cell density of 2 x lo7 cells ml-l and incubated for 3 h at 32 "C. At this time, when the cell density was about 4 x lo7 cells ml-l, Acu was added to a final concentration of 2 pg ml-l. After further incubation for 3 h, approximately 90% of the yeast survived and all cells were RBF-like (Fig. 1) . If 0.8 M-mannitol was added, the survival was more than 90% (Miyata et al., 1980) . All RBF-like cells had division scars at the pole of their cylindrical region but no scars at the spherical region (Fig. 1 ). This observation suggests that the older wall remained as a cylindrical end of the cell and that the newly synthesized material deposited in the presence of Acu formed a spherical wall.
Secondly, the mutant cdc 10-121 h-was used to create an experimental condition similar to that of strain I F 0 0365. This strain ceased its cell division at about 3 h after the shift to 35 "C and increased the cell length exponentially on prolonged incubation at the same temperature ( Fig. 2 ; see control cells). Thus, the 'cell elongation system' could be simply and economically set up, not by adding hydroxyurea but by changing the temperature. Three hours after the shift to 35 "C, Acu was added and the experiment was started at time zero (Figs 2 and 5). Under these conditions, more than 90% of cells lysed when the cell density was 1.0 x lo6 cells ml-l and when the rate of cell elongation was too fast, but cells neither lysed nor altered their morphology when the cell density was 5-0 x lo7 cells ml-I and when the rate of growth was too slow. The conditions in which 90% of the Acu-treated yeasts grew in a spherical form were established as follows. The 16 h-grown cells were inoculated into fresh medium at a density of 8.5 x lo6 cells ml-1 and incubated at 35 "C for 3 h. Then, when the cell density was about 1.6 x lo7 cells ml-I, Acu was added to a final concentration of 1 pg ml-l. Incubation was continued at the same temperature for 3 h. If at this time the RBF-like cells were immediately centrifuged, transferred into fresh medium without Acu at a cell density of 3 x lo6 cells ml-l and incubated at 25 "C (the 'recovery system'), the cells nearly stopped spherical growth and resumed their normal, that is cylindrical, growth at the tip of the spherical region along the original growth axis (see Fig. 3c ), or at the tip of the cylindrical pole. These systems are summarized in Fig. 2 . After recovering growth for about 3 h, the cells began to form the cell plate.
The following experiments were performed with the mutant cdc 10-121 h-under the conditions described above, except where noted.
Ultrastructural observations of walls
Using scanning electron microscopy no difference was observed on the cell surface, which was smooth and homogeneous between the spherical and cylindrical regions of the wall (Fig. 1) .
The cell wall ultrastructure of RBF-like cells produced by Acu (Fig. 3 b, d ) and recovery cells released from Acu (Fig. 3 c ) , were compared with normal cells (Fig. 3a) . The spherical region was of moderate electron-density and it appeared to be loosely arranged when compared with the cylindrical region (Fig. 3 4 . The wall of the spherical region of the recovery cell appeared thicker than that of the cylindrical part, but the newly emerged region at the tip of the spherical part had a thinner wall than the old cylindrical wall (Fig. 3c) .
Morphological observations ajter alkali treatment
To examine the morphology and sugar components of spherical walls formed under the incomplete inhibition of Q-glucan synthesis by Acu, cells were first treated with various concentrations of alkali. Washed cells were shaken vigorously in 0-3, 0.5 and 0-8 M-NaOH for 1 min and the effect of these treatments on cell morphology was observed under the phasecontrast microscope (Fig. 4) . Treatment of RBF-like cells with 0.3 M-NaOH produced a cell wall 'ghost' by lysing a part of the spherical wall (Fig. 4 a) , whereas similar treatment of cylindrical normal cells resulted in no obvious changes. However, lysis of normal cell walls did occur at NaOH concentrations higher than 0.4 M (Fig. 4b) . When the RBF-like cells were suspended in 0.5 M-NaOH, the spherical regions of the ghosts were swollen like a balloon (Fig. 4c) . In 0.8 MNaOH, the spherical regions were dissolved but the thimble-shaped cylindrical regions remained (Fig. 4 4 . Under similar conditions ghosts of cylindrical cells retained their original morphology.
Electron microscopy (Fig. 4e) of a shadowed preparation of ghosts prepared in 0.3 M-NaOH showed that the spherical region had a loosely arranged structure which was in agreement with the observations of ultra-thin sections.
Aculeacin A and yeast cell morphology 
Sugar components of spherical walls
The above observations showed that the spherical region of the cell wall was more soluble in alkali than the cylindrical region. Mannan and a-glucan are soluble in alkali (Manners & Meyer, 1977) ; therefore, in order to analyse the sugar components of the alkali-soluble fraction, the cell wall polysaccharides were fractionated (see Methods).
The changes in sugar content of the various polysaccharide fractions during the spherical growth after the addition of Acu and during the recovery growth after removing Acu were compared with polysaccharides from organisms growing as cylinders in the absence of the antibiotic (Fig. 5) . The amount of total sugar in the alkali-soluble fractions from RBF-like cells was greater than in the controls. On the other hand, the alkali-insoluble fractions from RBF-like cells contained less sugar than those from the cylindrical cells (Fig. 5a) . The rate of synthesis of the alkali-soluble sugar during spherical growth was greater than that of the control, while that during recovery growth paralleled the rate of the control, maintaining the difference in sugar con tents.
To extend these findings, the changes in mannose and glucose content of the various Aculeacin A and yeast cell morphology polysaccharides were studied (Fig. 5 b) . Gas-liquid chromatography showed that the alkalisoluble fraction contained glucose, mannose and galactose, while the alkali-insoluble fraction contained glucose and galactose. The mannose content in the alkali-soluble fraction of the RBFlike cells was less than that of the cylindrical cells whereas the opposite was found for glucose. In the alkali-insoluble fractions only glucose had the same result as shown in Fig. S(a) .
These findings suggest that the carbohydrate syntheses of the spherical wall were reduced in /I-glucan and mannan but enhanced in a-glucan, and that a-glucan was the main component of the spherical wall.
Morphological observations of enzymic digestions of wall polysaccharides
To confirm the suggestion described above, enzymic digestions of the cell wall were attempted. If the spherical wall was composed mainly of a-glucan, it would be lysed by aglucanase but not by /I-glucanase. In this experiment, Novozym 234 and Zymolyase 60000 were used as a (1+3)-a-glucanase and a (1+3)-/3-glucanase, respectively (Dickinson & Isenberg, 1982) .
The wall of the spherical region was digested by Novozym 234 in 10min but that of the cylindrical region was not (Figs 6 and 7) . Zymolyase 60000, on the other hand, digested the cylindrical but not the spherical wall, though the digestion required 90min. The cells with normal shapes were not digested by Novozym 234 under the mild conditions chosen, but the wall of the rounded end, which was the primary pole (according to Johnson, 1965 ) with newly synthesized wall, was digested when the cells were treated either with an increased concentration of enzyme or for a longer time (Fig. 7b) . This resulted in the cytoplasm being extruded leaving an undigested wall skeleton shaped like a thimble.
In the Novozym 234 digestion, cytoplasm was extruded through the undigested wall (Fig. 7 ) whereas in the Zymolyase 60000 digestion it was not (Fig. 6b) . The cytoplasm treated with Novozym 234 had no vestige of the wall (Fig. 6a) whereas that treated with Zymolyase 60000 retained the thin innermost layer of the wall (Fig. 66) . Moreover, the naked cytoplasm obtained by the treatment with Novozym 234 was destroyed by KMnO, postfixation, whereas that treated with Zymolyase 60000 was not (Methods). From the difference between the responses of fixed cells to digestion with Novozym 234 and Zymolyase 60000, we concluded that Novozym ; note that the spherical wall has been digested but the cylindrical wall has remained (arrows) and that the half-digested wall has peeled from the cytoplasm, as indicated by the arrowhead. (b) Effect of Zymolyase 60000 [a (I-+3)-&glucanase]; note that the cylindrical wall has been digested but the spherical wall has remained (arrows). Note that in (b) the innermost layer of the wall on the cytoplasmic membrane has remained, as indicated by the arrow at the region of the cylinder, while in (a) it has not, as indicated by the arrow at the region of the sphere; bars, 1 pm.
234 acted on the innermost layer of the cylindrical cell wall which was digested, and then the cytoplasm was extruded from the thimble-shaped cell wall (Fig. 7) . This hypothesis is compatible with the differences in fixation by KMn04 between glutaraldehyde-fixed cells treated with Novozym 234 and with Zymolyase 60000. 
DISCUSSION
Cells of S. pombe are normally cylindrical in shape with rounded ends but they assumed a RBF-like shape when their growth was incompletely inhibited by Acu, an inhibitor of P-glucan synthesis (Mizoguchi et a/., 1977; Yamaguchi et a/., 1982) . The cylindrical cell of S. pombe grows exclusively but not equally at the poles, without detectable change in the cell radius (May, 1962; Johnson, 1965; Johnson et a/., 1979; Streiblova & Wolf, 1972; Streiblova, 1981) . Streiblova & Wolf (1972) reported that during the first half of the cell cycle the cells grow unipolarly at the primary end, which is located opposite the pole of the previous division, and that during the second half of the cell cycle the cells grow bipolarly. H. Miyata (personal communication) had also observed similar patterns with oversized cell growth produced by hydroxyurea treatment.
The RBF-like morphological alteration formed in the presence of Acu was accompanied by an increase in wall polysaccharides. Since the RBF-like cells always have a division scar at the end of the cylindrical region and the spherical region never has division scars (Fig. I) , we can conclude that under the experimental conditions used in this work the cells grew only unipolarly. Thus the spherical region represents the newly synthesized wall and the cylindrical region is older wall.
Previously (Miyata et al., 1980) , we demonstrated that the wall of morphologically altered cells stained with a fluorescent brightener more extensively in the spherical region than in the cylindrical region. This observation implied change in the chemical composition and/or the microfibril orientation of the cell wall in the spherical region. The basal wall structure of bakers' yeast which is responsible for maintaining the shape and rigidity of the cell consists of P-glucan (Manners et al., 1973) . The wall of S. pombe also contains P-glucan as the main component but aglucan is also present, unlike the walls of other ascomycetous yeasts (Bacon et al., 1968; Bush et al., 1974; Manners & Meyer, 1977) . In this study carbohydrate analyses showed that the RBFlike cells decreased in alkali-insoluble glucan and mannan syntheses but increased in alkali-soluble glucan synthesis. Acu appeared to inhibit synthesis of mannan to some extent, in addition to the synthesis of alkali-insoluble p-glucan. This finding is in agreement with reports by Mizoguchi et al. (1977 ), Singh et al. (1979 and Yamaguchi et al. (1982) who worked with Saccharomyces cerevisiae, Candida albicans AY F-598 and C . albicans MTU 12077, respectively.
The occurrence of a-glucan in the wall of a Schizosaccharomyces sp. has been investigated (Bacon et al., 1968; Bush et al., 1974; Manners & Meyer, 1977; Kreger & Kopeck& 1978) . These workers suggested that P-glucan of S . pombe was a more or less branched fibrillar polysaccharide arranged in a mesh-like structure similar to that found in bakers' yeast, but that or-glucan was most probably a medium-size straight chain polysaccharide of amorphous structure in the wall. P-Glucan of the fission yeast was considered to be the principal support of cell shape. An increase in the proportion of a-glucan present in the wall polysaccharides may result in the wall becoming flexible, loosened and as a result stretched in response to turgor pressure. In these circumstances the cells may become spherical. However, the problems of polarity of cell wall growth during recovery from Acu treatment, the nature of the internal changes occurring during these morphological alterations, and the coordinate regulation of p-and a-glucans during normal and Acu-induced morphogenesis remain to be studied.
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